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Sources for spatial variability of benthic megafaunal communities in the northeastern Chukchi Sea are poorly
documented and may include altered water circulation patterns, as noted for macrofauna. Spatial variability of
megafauna was investigated by sampling with a plumb-staff beam trawl in three petroleum leases, the
Klondike, Burger, and Statoil study areas, as part of a multi-disciplinary research program in the northeastern
Chukchi Sea ecosystem. Trawling occurred during two sampling periods from 2009 and one in 2010 with a
total of 81 trawls from 38 stations. A total of 99 discrete taxonomic categories were identiﬁed in 2009 and
2010 which were expanded to 239 taxa in the laboratory. Biomass in the three study areas ranged from
∼15,500 to ∼96,000 g 1000 m−2 and numerical density ranged from ∼8500 to ∼134,000 individuals 1000 m−2.
Although the megabenthic species-assemblages in all three study areas were similar in composition, average
biomass values were higher in Burger (ranging from ∼54,000 to ∼96,000 g 1000 m−2) where altered water
circulation occurs, than in Klondike (ranging from ∼15,500 to ∼31,000 g 1000 m−2) or Statoil (∼15,000 g
1000 m−2). The brittle star Ophiura sarsi was the numerically dominant megafauna (70% of total biomass)
followed by the snow crab Chionoecetes opilio (7% total biomass), as noted in prior investigations in the region.
Biomass and density of benthic megafauna in this region reﬂected the high quantities of seasonal production
reaching the benthos in the shallow waters of the Chukchi Sea. Differences in benthic communities among
study areas were associated with variations in bottom-water temperature and latitude, and to a lesser extent,
water depth and percent mud. We believe these associations arise from effects of topography on northward-
ﬂowing water, that create regions of slower currents, and consequently, higher organic deposition.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Benthic organisms ﬁll an important ecological role in the
Chukchi Sea as a result of strong linkages to primary production.
Low densities of planktonic grazers in the spring (e.g. Questel
et al., 2013) result in a large ﬂux of unconsumed production to the
seaﬂoor that supports abundant and diverse faunal assemblages
(Ambrose et al., 2001; Dunton et al., 2005; Grebmeier et al., 2006).
The abundant macro- and megafauna include large, energy-rich
individuals (Feder et al., 1994a, 1994b; Grebmeier et al., 2006) that
are major prey for benthic-feeding marine mammals (Fay, 1982).
The low densities of benthic-feeding ﬁshes within the Chukchi
Sea, particularly the northeastern part, also allow greater oppor-
tunity for large invertebrates to exploit resources than occur in the
Bering Sea (Feder et al., 2005; Norcross et al., 2013). The ecologicalr Ltd.
+1 907 474 7204.
nchard),
edu (A.L. Knowlton),
Open access under CC BY-NC-Ncontributions of megafaunal invertebrates to the Chukchi Sea
ecosystem, such as Ophiura sarsi and Chionoecetes opilio, include
carbon transfer to higher-trophic levels (Lowry et al., 1980; Feder
et al., 1994a, 2005; Bluhm et al., 2009) and the remineralization of
nutrients (Ambrose et al., 2001; Piepenburg and Schmid, 1996a).
Spatial distributions of benthic invertebrate megafauna in the
Chukchi Sea are thought to be driven by oceanographic character-
istics and associated primary production, although relationships
are not entirely clear (Grebmeier et al., 2006; Bluhm et al., 2009).
In the southeastern Chukchi Sea, the megafaunal community is
dominated by crustaceans and echinoderms, and broad-scale
community structure varies by water-mass characteristics, current
patterns, and sediment grain-size (Feder et al., 2005). Feder et al.
(1994a) found that megafaunal mollusk communities could be
delineated by the amount of gravel in the sediment and bottom-
water temperature in the northeastern Chukchi Sea. The broad-
scale investigation of Bluhm et al. (2009) found latitude and
substrate to be moderate correlates with megafaunal communities
of the region. In a broader perspective, associations of benthic
communities with substrate and oceanographic characteristics
reﬂect larger ecosystem processes and regional-scale environmen-
tal gradients (Cochrane et al., 2009).
The Chukchi Sea Environmental Studies Program (CSESP) is a
multi-disciplinary investigation seeking to describe ecologicalD license.
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responsible for the distribution of species and communities (Day
et al., 2013). The overall research program provides information on
physical, chemical, biological, and oceanographic baseline trends
in this area. The CSESP benthic ecology component includes
investigations of macrofaunal (Blanchard et al., 2013a), meiofau-
nal, and megafaunal community structure, in situ digital photo-
graphy of megafaunal communities, trophic structure, and energy
content of marine mammal prey. Prior studies indicate that water
mass characteristics contribute to spatial variations in macrofaunal
and megafaunal communities (Feder et al., 1994a, 1994b;
Grebmeier et al., 2006; Bluhm et al., 2009). Blanchard et al.
(2013a), however, suggest that macrofaunal communities in the
CSESP study area (lying under the same water masses) were
indirectly inﬂuenced by topographically-driven water circulation
that cause variations in organic carbon deposition. The present
study evaluates whether community differences and associations
of community structure with environmental gradients also extend
to megafaunal communities.2. Materials and methods
2.1. Study area
The Chukchi Sea is a shallow body of water inﬂuenced by
seasonal ice cover and advection of southern waters (derived from
the Paciﬁc Ocean entering through the Bering Strait) into the
Arctic Ocean (Fig. 1; Zenkevitch, 1963; Weingartner et al., 2005).
Brieﬂy, water masses from the south contribute to the ecological
characteristics of the Chukchi Sea by advecting heat, nutrients,
zooplankton, and larvae of benthic fauna into the region. Water
ﬂow is split into three major branches, the Alaska Coastal, Central
Current, and Herald Valley branch as it traverses the Chukchi Shelf.
The number of pelagic grazers is reduced in the Chukchi Sea due toFig. 1. Megafaunal study areas during the 2009–2010 Can absence of deep-water, over-wintering habitat for zooplankton,
and the reduced grazing results in a large ﬂux of phytoplankton to
the benthos (Grebmeier et al., 2006). Characteristics of the study
area are further described in Feder et al. (1994b) and Blanchard
et al. (2013a).
The CSESP study area lies 100 to 200 km northwest of the
village of Wainwright, Alaska, in the northeastern Chukchi Sea.
The CSESP encompasses three smaller study areas, named Klon-
dike, Burger, and Statoil, where successful lease bids were made in
the February 2008 Chukchi Sea Lease Sale 193 (Fig. 1; Day et al.,
2013). Environmental and oceanographic conditions vary substan-
tially between the study areas in spite of their close proximity, and
variations in water circulation play a large role in deﬁning
characteristics of macrofaunal communities (Fig. 1; Blanchard
et al., 2013a; Weingartner et al., 2013).
2.2. Sampling
In 2009, sampling was conducted in Klondike and Burger on
two cruises (July/August and September/October) of the M/V
Westward Wind with the 26 station grid (13 in each study area)
sampled in both periods (only 20 stations were completed during
cruise 1 but all 26 during cruise 2). The 26 Klondike and Burger
stations were resampled in September/October 2010, with the
addition of 10 stations in Statoil and 2 “Transitional” stations
between Burger and Klondike (Fig. 1 and the supplementary
material online in Appendix Fig. AI).
Megafauna (large invertebrates living on the sediment surface)
were sampled in association with trawling for benthic ﬁshes
which were analyzed separately (Norcross et al., 2013). Samples
were collected with a 3.05-m plumb-staff beam trawl with a 7 mm
mesh, a 4-mm codend liner, and an effective ﬁshing swath of
2.26 m (modiﬁed according to Norcross et al., 2013). The trawl was
towed at a speed of 1–1.5 kt for 2–3 min with occasional deviations
in towing time where there were large numbers of animals orhukchi Sea Environmental Studies Program.
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deck and, if necessary, split until the volume of the subsample was
∼8 L (a volume that could be processed between sampling sta-
tions). Subsampling was performed after unloading material from
each trawl onto a large sorting table and removing all bottom
ﬁshes (see Norcross et al., 2013). The remaining catch was remixed
on the sorting table and split in half, and a subsample was
randomly selected to be remixed and divided. Subsamples were
split until the ﬁnal volume of the subsample was approximately
8 L. Occasionally an extremely muddy trawl was washed on a
4 mm stainless steel screen to remove mud particles before
subsampling and sorting.
All organisms in the subsample were sorted to the lowest
possible taxa in the ﬁeld (to species where possible and often to
higher taxonomic categories with mixed species due to time
limitations; see the supplementary material online in Appendix
AII), counted, and weighed after excess moisture was removed
with an absorbent towel; colonies of organisms such as ascidia-
ceans, hydrozoans, bryozoans, and sponges were noted for pre-
sence (not counted) and weighed. Once weighed, all organisms
except those kept for a voucher collection were returned to the
sea. More detailed taxonomic analysis was performed for voucher
specimens resulting in a greater number of species identiﬁcations
(Appendix AII). Biomass and density estimates were determined
by extrapolating from the subsample to the whole sample volume
and from the area swept (¼net swathdistance towed); esti-
mates were standardized to 1000 m2. Sampling and counting
errors were greater with increased number of animals counted,
and larger numbers are approximated to hundreds in the text,
although biomass and density estimates are tabulated as calcu-
lated. Sediment samples for sediment granulometry and organic
carbon concentrations were collected concurrently at each station
from a van Veen grab targeting the macrofauna (Blanchard et al.,
2013a). Samples analyzed for organic carbon were processed by
the University of Alaska Fairbank’s Stable Isotope Facility. Bottom-
water temperature was recorded at each station with a Seabird
CTD (Weingartner et al., 2013); spatial patterns of the environ-
mental variables are discussed in Blanchard et al. (2013a).
2.3. Statistical analyses
Trends in community composition were evaluated using uni-
variate and multivariate approaches. Descriptive summaries of the
data include average total biomass, density, and the number of
taxonomic categories per study area. Total number of taxa was
determined as the count of discrete taxonomic categories regard-
less of rank and included species level identiﬁcations where
possible up to class or order. For data analysis, organisms wereTable 1
Biotic and environmental variables for megafauna during the 2009–2010 CSESP. SE¼
calculations do not include colonial organisms that were assessed for presence while b
Sampling Period Variable Klondike Tr
Average SE Av
Jul./Aug. 2009 Biomass 31,102 14,196 ns
Density 37,224 31,400 ns
Total taxa per area 90 – ns
Sept./Oct. 2009 Biomass 20,110 11,275 ns
Density 19,683 16,322 ns
Total taxa per area 74 – ns
Sept./Oct. 2010 Biomass 16,222 5,780 2,
Density 8,268 3,060 5,
Total taxa per area 80 – 27grouped by common names of higher taxonomic classiﬁcations
(e.g., brittle stars, crabs, and shrimps) used to account for the
varying taxonomic deﬁnitions from the ﬁeld. Average total mega-
benthic biomass and density, and the biomass of major taxonomic
groups, were compared between Klondike and Burger with
ANOVA in Statistica (StatSoft, Inc., Tulsa, OK). The sampling period
(cruise) was included in statistical models as a blocking variable.
Total biomass and density data were ln-transformed and the
biomass of major taxonomic groups ln(X+1)-transformed to meet
assumptions. The Tukey test was used for multiple comparisons.
Since comparable measurements were not available for the Statoil
study area in 2009, comparisons among the 2010 study areas were
performed separately using one-way ANOVA. Descriptive statistics
for the Transitional study area are included to complete the
biological and environmental gradients presented, but are not
used for inferential methods due to the very low sample size (two
stations).
Non-metric multidimensional scaling (MDS) was applied to
visualize similarities in community structure using a Bray–Curtis
similarity coefﬁcient with ln(X+1)-transformed biomass by major
taxonomic groups (Bray and Curtis, 1957; Clarke, 1993). Environ-
mental inﬂuences on community structure were evaluated by
correlating environmental variables with the biotic similarity
pattern using the BIOENV program in PRIMER (Clarke and
Ainsworth, 1993; Clarke and Gorley, 2006). The variables used
include latitude, year of sampling, water depth, percent mud, total
organic carbon, and bottom-water temperature.3. Results
3.1. Megabenthic biomass, density, and distribution
Megafauna were ﬁeld-identiﬁed to 99 discrete taxonomic
categories in 2009 and 2010 and closer analysis of the voucher
specimens expanded the taxa list to 239 taxa in a laboratory
setting (Appendix AII). The total number of taxonomic categories
determined in the ﬁeld ranged from 61 in Statoil in 2010 to 90 in
Klondike in 2009; excluding the Transitional study area where
only two stations were sampled resulting in determination of 27
taxonomic categories (Table 1).
Echinoderms comprised the highest percentage of total bio-
mass in all study areas with percent biomass highest in Burger;
echinoderm biomass ranged from 50 to 86% of total biomass in the
three study areas (Fig. 2). The percent biomass of crustaceans
(dominated by crabs and shrimps) was next highest ranging from
2 to 34% followed by mollusks ranging from 1 to 14%. The
echinoderms were primarily the brittle star O. sarsi whichstandard error, –¼not calculated, and ns¼not sampled. Density (ind. 1000 m−2)
iomass (g 1000 m−2) includes colonial organisms.
ansitional Burger Statoil
erage SE Average SE Average SE
ns 95,765 22,798 ns ns
ns 133,755 48,962 ns ns
ns 73 – ns ns
ns 54,114 14,330 ns ns
ns 80,929 27,122 ns ns
ns 71 – ns ns
706 384 78,284 20,027 15,367 6,408
447 537 83,759 22,368 15,760 8,367
– 70 – 61 –
3% 8% 2% 7% 10% 4%
10%
Common Name Higher Order
Jul/Aug 2009
Klondike
Jul/Aug 2009
Burger
Jul/Aug 2009
Klondike
Jul/Aug 2009
Burger
80%
7%
65%17%
1%
54%
13%
4%
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8% 15%
71%6%
1%
8%
84%
8%
2%5% 1%
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15%
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25%
8%
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18%
15%
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1%
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Fig. 2. Biomass (g 1000 m−2) by higher taxonomic categories and common names for the 2009–2010 CSESP.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 67–7670represented the highest percentage of total biomass in all study
areas (31 to 76%). Crabs and shrimps were the most common
crustaceans with percent biomass ranging from 1 to 25% and 1 to
28%, respectively. Snails were the most common mollusk with
percent biomass ranging from 2 to 14%. Overall, 70% of total
megafaunal biomass of the northeastern Chukchi Sea was brittle
stars, 7% each snails and crabs, 5% sea cucumbers, 3% basket stars,
2% each of shrimps, and sea stars, with the remaining 4%
composed of sea urchins, sea anemones, soft corals, sea squirts,
amphipods, and other taxa.
Of the total density of megafaunal organisms collected in 2009–
2010, 88% were brittle stars, 4% were shrimps, 3% were snails, 3%
were sea cucumbers, and the remaining 2% collectively were crabs,
amphipods, and other taxa. Density data do not include organisms
that were assessed only for presence, such as colonial sea squirts,
hydrozoans, bryozoans, and sponges.
Average biomass ranged from ∼15,500 g 1000 m–2 in Statoil in
2010 to ∼96,000 g 1000 m–2 in Burger in 2009; density ranged
from ∼8500 individuals 1000 m–2 in Klondike in 2010 to ∼134,000
individuals 1000 m–2 in Burger in 2009 (Table 1 and supplemental
material online in Appendix Table AI). The Transitional study area
were excluded due to an inadequate sample size, but had the
lowest density and biomass of all study areas.
The biomass of brittle stars (99.9% O. sarsi) was high in the
northeastern corner of Klondike, all of Burger, and the southern
portion of Statoil and provided the greatest biomass of all the
organisms sampled (Fig. 3). The biomass of brittle stars, however,
was highly variable within the Klondike and Statoil study areas,
with only a few stations having high biomass. Crabs (72% C. opilio,
14% Hyas coarctatus, and 13% various hermit crabs) were present in
all areas and had greatest biomass during July/August 2009.
Shrimps were also present in all areas and had the greatest
biomass in Klondike. The biomass of brittle stars and crabs was
moderately correlated (r¼0.26) and shrimp biomass was lower in
study areas with greater brittle star and crab biomass, althoughcorrelations were negligible (r¼−0.l0 and −0.02 for correlations of
shrimp biomass to brittle star and crab biomass, respectively).3.2. Spatial comparisons
Analysis of the 2009–2010 data for Klondike and Burger using
ANOVA demonstrated signiﬁcant study area effects for biomass
and density with average biomass and density signiﬁcantly higher
in Burger than in Klondike (Table 2; see Fig. 4 for raw conﬁdence
intervals). Comparisons among study areas in 2010 indicate that
biomass and density were lower in Klondike and Statoil than in
Burger.
The biomass of key megafaunal groups demonstrated signiﬁcantly
higher brittle star and snail biomass in Burger than in Klondike, 2009
to 2010. The biomass of shrimps was signiﬁcantly higher in Klondike
than Burger for the 2009–2010 data. For the 2010 study areas, ANOVA
indicated signiﬁcant differences in biomass for brittle stars, shrimps,
and snails. Multiple comparisons indicated that brittle stars had lower
biomass in Klondike than Burger or Statoil, shrimps had higher
biomass in Klondike than Burger or Statoil, and snails had lower
biomass in Klondike and Statoil than Burger. Differences in biomass
among study areas were not signiﬁcant for crabs.
The MDS ordination of the combined 2009–2010 megafaunal data
set indicated a general separation of communities by study area
(Fig. 5). Klondike stations are positioned to the left of the plot and
Burger stations to the right of the Klondike stations, while the Statoil
stations are generally in the upper portion of the plot overlapping with
Burger stations. The few Transitional stations overlap the Burger and
Statoil stations. The community structure in Klondike varied similarly
between 2009 and 2010, with little difference among cruises. Com-
munity structure in Burger 2010, however, deviated from that trend, in
that positioning of stations for 2010 was more variable than other
years for Burger with a small number of stations from 2010 situated to
the right of the main Burger grouping.
Fig. 3. Biomass (g 1000 m−2) of brittle stars, crabs, and shrimps in the Klondike, Burger, and Statoil survey areas collected for the 2009–2010 CSESP.
Table 2
Analysis of variance for biomass, density, and the biomass of brittle stars, crabs, shrimps,
and snails for the 2009–2010 CSESP. Cruise effects were blocking variables and not
presented for the 2009-2010 data. “—”¼no signiﬁcant difference between study areas.
Variable F-statistic P-value Multiple comparison
2009-2010
Biomass 30.1 o0.0001 KlondikeoBurger
Density 54.0 o0.0001 KlondikeoBurger
Brittle stars 82.1 o0.0001 KlondikeoBurger
Crabs 1.4 0.1934 –
Shrimps 6.7 0.0116 BurgeroKlondike
Snails 32.3 o0.0001 KlondikeoBurger
2010
Biomass 9.9 0.0004 Klondike, StatoiloBurger
Density 11.8 0.0001 Klondike, StatoiloBurger
Brittle stars 17.3 o0.0001 KlondikeoBurger, Statoil
Crabs 3.1 0.0567 –
Shrimps 8.1 0.0014 Burger, StatoiloKlondike
Snails 9.2 0.0007 Klondike, StatoiloBurger
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 67–76 71Megafaunal biomass was dominated by brittle stars in all study
areas (Table 3 and supplemental material online in Appendices AIII
and AIV). The taxa having greatest biomass (top three per cruise)
at Klondike stations in 2009 and 2010 were brittle stars(all cruises), crabs (all cruises), shrimps (Sept./Oct. 2010), and
colonial organisms (Aug./Sep. 2009). Brittle stars (all cruises),
basket stars (Sep./Oct. 2009), crabs (Sep./Oct. 2009), sea cucum-
bers (Aug./Sep. 2009 and Sept./Oct. 2010), and snails (Aug./Sep.
2009 and Sept./Oct. 2010) were among the top three groups with
highest biomass among the cruises in Burger. Biomass in the
Statoil study area was dominated by brittle stars, crabs, and snails.
As with biomass, megafaunal density was also dominated by
brittle stars in all study areas (Table 3 and Appendices AIII and
AIV). The taxa having greatest density (top three per cruise) at
Klondike stations in 2009 and 2010 were brittle stars (all cruises),
crabs (Sep./Oct. 2010), shrimps (all cruises), and snails (Sep./Oct.
2009). Brittle stars (all cruises), sea cucumbers (all cruises),
shrimps (Sep./Oct. 2009), and snails (Sep./Oct. 2010) were among
the top three groups with highest density among cruises in Burger.
Density in the Statoil study area was dominated by brittle stars,
shrimps, and snails.
3.3. Relationship between biotic patterns and environmental
characteristics
The BIOENV analysis indicated that biotic community structure
based on biomass had moderate correlations with bottom-water
temperature (ρ¼0.30) and latitude (ρ¼0.34). The two-variable
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Fig. 4. Means and 95% conﬁdence intervals for megafaunal biomass and density and the biomass of selected taxa sampled over the 2009–2010 CSESP study.
A.L. Blanchard et al. / Continental Shelf Research 67 (2013) 67–7672combination of bottom–water temperature and latitude was
similar to that of latitude alone (ρ¼0.34). Individually, bottom-
water temperature and latitude are strongly correlated with MDS
axis 1 (ρ¼−0.56 and 0.54, respectively) with a negative correlation
between temperature and latitude (Fig. 5). Water depth and
percent mud were moderately correlated with Axis 1 as well
(ρ¼0.44 and 0.36, respectively).4. Discussion
4.1. Megafauna of the northeastern Chukchi Sea
The benthic invertebrate megafauna of the northeastern Chukchi
Sea are representative of the mixed Arctic and northern Paciﬁc
benthic assemblages found throughout the Bering and Chukchiseas (Feder et al., 1994a, 2005; Bluhm et al., 2009). The shallow
water and lack of pelagic consumers result in tight pelagic–benthic
coupling (Grebmeier et al., 2006; Sirenko and Gagaev, 2007; Bluhm
et al., 2009). Feder et al. (1994b) also indicated that the transport of
particulate organic carbon (POC) from the south supplements local
primary production, thereby enhancing food resources for benthic
communities in the northeastern Chukchi Sea.
Megafaunal densities and biomass in this study were compar-
able to values found by Bluhm et al. (2009) and for other polar
shelves (Piepenburg and Juterzenka, 1994; Piepenburg and
Schmid, 1996a, 1996b, 1997; Piepenburg et al., 1997; Starmans
et al., 1999) with average biomass values in the present study
(excluding the transitional stations) ranging from ∼15,500 in
Statoil to ∼96,000 g 1000 m−2 in Burger and density ranging from
∼8500 ind. 1000 m−2 in Statoil to ∼134,000 ind. 1000 m−2 in
Burger (Table 1 and Appendix Table AI). Values at some of the
2D Stress: 0.23
Burger Jul/Aug 2009
Klondike Jul/Aug2009
Klondike Sep/Oct 2009
Statoil
Transitional
Burger Sep/Oct 2009
Burger Sep/Oct 2010
Klondike Sep/Oct P 2010
Transition Sep/Oct 2010
Klondike
Statoil Sep/Oct 2010
Burger
MDS Environmental Fit
Spearman's ρ C D M L T Y DT
MY
L
C
MDS Axis 1 0.17 0.44 0.36 0.54 -0.56 0.16
MDS Axis 2 0.18 0.22 -0.10 -0.40 0.32 -0.07
Fig. 5. Nonmetric multidimensional scaling ordination plot of Bray–Curtis similarities for ln(X+1)-transformed megafaunal biomass from the 2009–2010 CSESP. The inset in
the lower right shows the ﬁt of environmental variables to the MDS ordination and the variables are C¼organic carbon, D¼water depth, M¼percent mud, L¼ latitude,
T¼bottom-water temperature, and Y¼year of sampling.
Table 3
Biomass (g 1000 m−2) and density (ind. 1000 m−2) of dominant megafaunal groups for each sampling cruise for the 2009–2010 CSESP. “ns”¼not sampled.
Study area Biomass Density
Common name Aug./Sep. 2009 Sep./Oct. 2009 Sep./Oct. 2010 Common name Aug./Sep. 2009 Sep./Oct. 2009 Sep./Oct. 2010
Klondike Brittle stars 18,720 13,276 5,992 Brittle stars 34,171 16,810 3,990
Crabs 4,593 1,776 4,790 Shrimps 1,301 1,787 3,025
Colonial organisms 3,241 318 0 Snails 723 420 253
Snails 2,081 764 548 Crabs 537 235 395
Shrimps 1,354 1,345 1,638 Barnacles 126 92 95
Sea stars 814 658 1,132 Amphipods 49 128 288
Sponge 7 827 1,524
Burger Brittle stars 69,279 39,809 59,873 Brittle stars 124,234 70,950 71,942
Snails 7,313 2,523 7,486 Snails 4,242 2,316 4,238
Sea cucumbers 7,184 2,483 4,424 Sea cucumbers 2,713 2,836 3,718
Crabs 5,956 3,469 1,030 Shrimps 901 2,748 1,770
Soft coral 1,656 354 291 Crabs 785 500 246
Basket stars 989 3,382 1,732 Amphipods 290 567 715
Sea urchins 0 34 1,477
Statoil Brittle stars ns ns 11,144 Brittle stars ns ns 12,391
Snails ns ns 2,220 Shrimps ns ns 950
Crabs ns ns 1,256 Snails ns ns 741
Shrimps ns ns 315 Barnacles ns ns 689
Sea stars ns ns 178 Sea cucumbers ns ns 307
Transitional Brittle stars ns ns 1,646 Brittle stars ns ns 2,434
Shrimps ns ns 783 Shrimps ns ns 2,033
Snails ns ns 73 Sea cucumbers ns ns 494
Soft coral ns ns 64 Amphipods ns ns 352
Sea cucumbers ns ns 64 Snails ns ns 84
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∼513,000 ind. 1000 m−2) were higher than those previously
reported for the Chukchi Sea. The benthic communities found
in the present study were similar to those observed in prior
studies (Zenkevitch, 1963; Barber et al., 1994; Feder et al., 1994a;
Bluhm et al., 2009). Detailed taxonomic analysis of the voucherspecimens collected from trawls indicated moderate diversity
within higher taxonomic groups (Appendix AII), as also noted by
Bluhm et al. (2009).
The predominance of the circumpolar O. sarsi in this study
supports previous ﬁndings that brittle stars can dominate epi-
benthic communities in polar shelves (Zenkevitch, 1963;
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1997; Starmans et al., 1999; Ambrose et al., 2001). In the Chukchi
Sea, the biomass and density of echinoderms increase with
latitude, probably due to changes in water temperature (Feder
et al., 2005; Bluhm et al., 2009). Additionally, a lack of predation
on brittle stars by ﬂatﬁshes and large crabs such as
C. opilio appears to cause a switch in the echinoderm community
from sea stars in the southeastern Chukchi Sea to O. sarsi in the
north. Bluhm et al. (2009) noted a broader community composi-
tion than that found in the present study, reﬂecting in part, the
ﬁner taxonomic effort shipboard as well as the larger spatial scale
of their study. Nevertheless, O. sarsi accounted for 60% of total
biomass similar to the proportions observed in the present study
(70%) with biomass of brittle stars in individual stations ranging
from 0 to ∼21,000 g 1000 g m−2 for an overall average of
∼31,50076,000 (SE). The higher biomass of O. sarsi in the Burger
study area is consistent with the large biomass of macrofaunal
organisms found there, presumably as a result of the enhanced
deposition of organic material that provided an ample basis for
benthic food webs (Table 1; Feder et al., 1994b; Grebmeier et al.,
2006; Blanchard et al., 2013a).
The second most dominant organism, the snow crab C. opilio,
was broadly distributed and numerically dominant in early sur-
veys of the northeastern Chukchi Sea, as found in later studies
(Zenkevitch, 1963; Sparks and Pereyra, 1966; Barber et al., 1994,
Bluhm et al., 2009). Bluhm et al. (2009) note that snow crabs
generally are not common on arctic shelves but believed that the
distribution of C. opilio is expanding due to recent warming of seas
in the Arctic. Although North Paciﬁc benthic fauna are abundant in
the study area, their movement northward does come at a cost for
some species such as the snow crabs that decline in size with
increasing latitude in the northeastern Chukchi Sea. Bluhm et al.
(2009) found very few large (440 mm carapace width) crabs in
their investigation, and propose that direct effects of low water
temperature limit growth (Burmeister and Sainte-Marie, 2010).
Snow crab comprised 13% of total biomass in 2004–2008 (Bluhm
et al., 2009) and accounted for 7% in the present study. Biomass of
C. opilio ranged from 9 g 1000 m−2 to a maximum of ∼22,000 g
1000 m−2 with an average of ∼25007400 (SE) in the 2009–2010
CSESP compared to a range of 0 to ∼112,000 g 1000 m−2 and
overall average of ∼10,0007∼3500 observed by Bluhm et al.
(2009). The third dominant organism by biomass of the 2004–
2008 investigation, the sea urchin Strongylocentrotus pallidus, was
not common in the present study and urchins (S. droebachiensis)
were observed only nine times at ﬁve stations in Klondike and
Burger from 2009 to 2010.
4.2. Spatial trends and associations with environmental
characteristics
Environmental characteristics (e.g., sediment grain size) and
benthic community characteristics (biomass and density) are
covariates with the larger processes delivering POC to the benthos
(Cochrane et al., 2009; Blanchard et al., 2013a). The covariance
between biological and environmental characteristics makes
determination of true environmental controls difﬁcult. Coarse
substrates are generally found in areas with strong currents
where upright, suspension-feeding animals are likely dominants,
whereas muddy substrates co-occur with deposit-feeing organ-
isms in areas with reduced current strengths. Benthic faunal
biomass and density also covary with the quality and quantity of
POC and how the POC is delivered to the benthos (Feder et al.,
2005, 2011; Carroll and Ambrose, 2012). Megafaunal communities
demonstrate high local and regional variability, and local environ-
mental gradients that may alter processes delivering POC can
confound broad-scale interpretations. Nonetheless, evaluation ofbenthic fauna at broader-scales encompassing environmental
gradients often illuminates how these communities are structured
across the landscape.
Mesoscale studies in the northeastern Chukchi Sea demon-
strate that the regional variation in macro- and megafaunal
benthic communities reﬂects differences between the two domi-
nant water masses: Bering Sea Water and the less productive
Alaskan Coastal Water (Feder et al., 1994a, 1994b; Dunton et al.,
2005; Grebmeier et al., 2006). Feder et al. (2005) and Grebmeier
et al. (2006) both associated distributions of macro- and mega-
fauna throughout the Chukchi Sea to water-mass characteristics
and nutrient concentrations, with greater biomass under Bering
Sea Water, as compared to Alaskan Coastal Water. Feder et al.
(1994a) found this relationship continuing in the north, with the
biomass and density of megafaunal mollusks greater north of a
bottom-water front in the northeastern Chukchi Sea under Bering
Sea Water. Overall, water mass characteristics and POC advected
from the south are indicated as primary drivers of regional benthic
community variations.
Bluhm et al. (2009), however, found that environmental char-
acteristics could not fully explain megafaunal biomass patterns in
the northeastern Chukchi Sea, and only moderate correlations
were observed between environmental characteristics (latitude
and sediment grain-size) and community structure. Water mass
characteristics did not appear to be important predictors of
megafaunal communities in their study. The small-scale, CSESP
study area lies under one water mass (Bering Sea Water with
seasonal transformations), yet large differences in biological char-
acteristics were observed (Table 1; Blanchard et al., 2013a). The
large differences in biological traits of megafauna among the
CSESP study areas were unexpected based on prior investigations
relying on the assumption that the northeastern Chukchi is
oceanographically smooth (i.e., Feder et al., 1994a, 1994b;
Weingartner et al., 2005; Grebmeier et al., 2006), particularly
given the recent study demonstrating weak environmental and
biological associations (Bluhm et al., 2009).
Topographic control over water movements appears to indir-
ectly affect benthic communities by altering water circulation and/
or current speeds, and thereby the delivery of POC to benthic
organisms in the study area (De Leo et al., 2010; Blanchard et al.,
2013a). Water circulating around Hanna Shoal from the north and
moving to the west along the southern margin of the shoal
converges with water moving to the east, thus reducing current
speed and circulation in the convergence zone over Burger
(Weingartner et al., 2013). Both the reduced water circulation
and depth changes likely contribute to the lingering cold pool of
winter water in Burger. The altered circulation results in a
depositional environment, whereby Burger is muddier and has
more OC and greater macrofaunal biomass and density than
Klondike or Statoil (Blanchard et al., 2013a). The present study
also demonstrates greater biomass and density of megabenthic
organisms underneath this convergence zone, and in the area with
greater depth within Burger (Table 1 and Fig. 4).
The multivariate analyses of the megafauna data provide
supporting evidence for an association between water circulation
and biological characteristics. Summer bottom-water temperature
and latitude were most strongly correlated with benthic commu-
nity structure; water depth and percent mud were also moderately
correlated to the MDS axes (Fig. 5). The slower ﬂushing of
transformed winter water in Burger during summer creates
the temperature gradient that covaries with latitude, further
supporting the hypothesis that topography indirectly inﬂuences
benthic community structure. Instead of a gradient in megafaunal
community structure, the data suggest disjunct changes in bio-
mass and density, presumably associated with greater deposition
of POC in Burger due to convergence of the two currents
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2013a). These large changes over small distances are similar to
the greater macro- and megafaunal production resulting from the
concentration of high-quality POC by eddies as water moved past
Cape Prince of Wales Shoal in the southeastern Chukchi (Feder
et al., 2005, 2007).
The indirect inﬂuence of topographic control over water
currents on ecological processes extends to all biological commu-
nities in the CSESP study area, including benthic ﬁshes Burger
(Norcross et al., 2013), zooplankton (Questel et al., 2013), sea birds
(Gall et al., 2013), and marine mammals (Aerts et al., 2013; Hannay
et al., 2013). General characteristics suggest that Klondike func-
tions as a pelagic system with more oceanic zooplankton and
pelagic-feeding seabirds while Burger functions as a benthic-based
systemwith greater use by benthic-feeding marine mammals (Day
et al., 2013). Large-scale habitat complexity (canyons, points, and
shoals) and altered water circulation play key roles in the dis-
tribution of benthic fauna throughout the Chukchi Sea, driving to
some extent the distributions of benthic predators (Feder et al.,
1994a, 2005; Grebmeier et al., 2006). Thus, rather than being the
exception, landscape-level habitat complexity appears to be a
major structuring inﬂuence for spatial variability of biological
communities across the region.
4.3. Temporal trends
Long-term trends in the density, biomass, or distributions of
megafauna are difﬁcult to determine from available data for the
eastern Chukchi Sea. In the southeastern Chukchi Sea, Bluhm et al.
(2009) cautiously reported evidence suggesting increasing mega-
faunal biomass based on comparisons between data from sam-
pling in 1976 (Feder et al., 2005) and their study (2004, 2007–
2008), but the evidence was inconclusive due to differences in
sampling methods. Although great effort has been spent on
studying benthic fauna in the Chukchi Sea by Russian colleagues,
most of the literature is qualitative and difﬁcult to access (Bluhm
et al., 2009). Available historic trawl data from the northeastern
Chukchi Sea are limited to broad-scale studies in 1990 by Barber
et al. (1994) and Feder et al. (1994a); the former provided
summaries of benthic megafauna and the latter described spatial
distributions of molluscan fauna. The 1990 study demonstrated
that the megafauna were dominated by O. sarsi and C. opilio, while
Neptunea spp. and Buccinum spp. were dominant mollusks, as also
noted in 2004–2008 (Bluhm et al., 2009). The present study found
fewer large, predatory gastropods than Feder et al. (1994a),
although the differences are likely related to sampling scales
rather than temporal change. The short temporal record for
megafauna in the CSESP study, and lack of overlap with prior
investigations precludes further conclusions, although continuing
investigations in the area may provide the opportunity to inves-
tigate temporal variability.
Three organisms have been identiﬁed as potential invaders in
the Chukchi Sea due to climate warming, based on the absence of
the animals in published scientiﬁc literature from the Chukchi Sea
(Sirenko and Gagaev, 2007). The species in question, however, are
noted in difﬁcult to obtain earlier literature (e.g. Pododesmus
macrochisma and Telemessus cheiragonus in Sparks and Pereyra
(1966)) or observed as minor, unreported by-catch in other studies
(e.g. Oregonia gracilis found at Nome, Alaska in 1986–1990 by
Jewett et al. (1999); Blanchard et al., personal observations). The
species are therefore, not compelling evidence of introductions
due to recent climate warming. The latter result highlights the
poor availability of historical data (Bluhm et al., 2009), and the
difﬁculty in assembling the scientiﬁc evidence necessary to under-
stand and draw inferences about long-term change. The lack of
information on habitats and inadequate sampling at appropriatescales is a critical data gap, one in which the benthic ecology
component of the CSESP makes a substantial contribution.5. Conclusions
The rich megafaunal communities in the northeastern Chukchi
Sea include many North Paciﬁc species brought north by the ﬂow
of water from the Bering Sea to the Arctic Ocean. The brittle star
O. sarsi was the most prevalent species followed by the snow crab
C. opilio. Biomass and density of megafauna were higher in the
Burger study area than in the Klondike or Statoil study areas either
due to variations in food supply, oceanographic conditions, or
physical characteristics of the region. The megafaunal commu-
nities appear to be highly inﬂuenced by altered circulation
patterns arising from interactions between water ﬂow and seaﬂoor
topography. Overall, the effect of topographic control upon water
circulation is an ecologically signiﬁcant source of variability in
biological communities of the northeastern Chukchi Sea. Topo-
graphic control provides an alternate hypothesis for shaping
spatial variations in benthic communities that must be incorpo-
rated into future biological monitoring of the Chukchi Sea. The
paucity of historical data from the northeastern Chukchi Sea
hinders conclusions about spatial and temporal variability of
megafaunal communities, and is a major data gap being ﬁlled by
current investigations in the region, including the CSESP.Acknowledgments
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